The mechanical forces acting on lung parenchyma during (mechanical) ventilation and its (patho)physiological consequences are currently under intense scrutiny. Several in vivo and cell culture models have been developed to study the pulmonary responses to mechanical stretch. While providing extremely useful information, these models do also suffer from limitations in being either too complex for detailed mechanical or mechanistic studies, or in being devoid of the full complexity present in vivo (e.g., different cell types and interstitial matrix). Therefore in the present study it was our aim to develop a new model, based on the biaxial stretching of precision-cut lung slices (PCLS). Single PCLS were mounted on a thin and flexible carrier membrane of polydimethylsiloxane (PDMS) in a bioreactor, and the membrane was stretched by applying varying pressures under static conditions. Distension of the membrane-PCLS construct was modeled via finite element simulation. According to this analysis, lung tissue was stretched by up to 38% in the latitudinal and by up to 44% in the longitudinal direction, resulting in alveolar distension similar to what has been described in intact lungs. Stretch for 5 min led to increased cellular calcium levels. Lung slices were stretched dynamically with a frequency of 15/min for 4 h without causing cell injury {3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT) test; live/dead straining}. These findings suggest that stretching of PCLS on PDMS-membranes may represent a useful model to investigate lung stretch in intact lung tissue in vitro for several hours. lung stretch; finite element simulation; strain; calcium THE MECHANICAL STIMULATION of lung tissue during ventilation and the associated (patho)physiological consequences are not yet fully characterized. While until recently the analysis of mechanical stretch in the lungs has been of largely academic interest, the considerable clinical problems associated with mechanical ventilation (6, 18, 24) add growing clinical relevance to this question.
THE MECHANICAL STIMULATION of lung tissue during ventilation and the associated (patho)physiological consequences are not yet fully characterized. While until recently the analysis of mechanical stretch in the lungs has been of largely academic interest, the considerable clinical problems associated with mechanical ventilation (6, 18, 24) add growing clinical relevance to this question.
Several models ranging from in vivo experiments, isolated perfused lungs, and cells in culture have been used to study the mechanical and biological consequences of ventilatory stretch in the lungs. These models exhibit the obvious benefits and shortcomings, i.e., fully integrated organ physiology with limited opportunities to manipulate and study cellular responses in intact organs on the one hand, and excellent access to cellular functions in the absence of the relevant organ microanatomy in cell culture models on the other hand.
A model in between in vivo and cell culture experiments is represented by precision-cut lung slices (PCLS). PCLS are lung slices of well-defined thickness (200 -500 m) that are viable for at least 3 days with constant ciliary beating and that are increasingly being recognized as an expedient tool for mechanistic and molecular studies on airway and vascular smooth muscle responses (11, 16, 19, 21) . Up to 50 PCLS can be prepared from a single lung, and the same method can be applied to lungs from many mammals, including mice, rats, guinea pigs, horses, and men (8, 11, 19, 25, 27, 28) .
We examined whether stretching of PCLS might provide a model for studying the mechanobiology of lung stretch. Therefore, we developed a model to apply biaxial stretch to PCLS under well-defined conditions in vitro. To this end, we have combined two methods that our groups had previously developed, namely PCLS (11) and the bioreactor (20) , allowing the mechanostimulation of cells and lung tissue under well-defined conditions. Here we report the development of a method that allows distension of PCLS in this bioreactor and quantify the resulting tissue stretch.
MATERIALS AND METHODS

Animals and Housekeeping
All animal experiments were approved by the local authorities (Landesamt für Natur, Umwelt und Verbraucherschutz, NordrheinWestfalen, Germany). Female Wistar rats (300 g) were obtained from Harlan Winkelmann (Borchen, Germany). Rats were maintained on laboratory food and tap water ad libitum in a regular 12:12-h darklight cycle at an ambient temperature of 22°C.
PCLS
PCLS were prepared as previously described (12, 19) with the following modifications. After injection of pentobarbital the trachea was cannulated and the animals exsanguinated by cutting the inferior vena cava. Through the cannula, the lung was filled with 15 ml of a low-melting-point agarose solution (1.5%). After solidifying the agarose on ice for 15 min, the lobes were separated. Tissue cores were prepared with a rotating sharpened metal tube (diameter 14 mm). The cores were cut into 400-m-thick slices with a Krumdieck tissue slicer (Alabama Research and Development, Munford, AL). Subsequently, the PCLS were incubated at 37°C in a humid atmosphere in minimal essential medium supplemented with penicillin and streptomycin (11, 19) . The pH value was adjusted to 7.2. To remove cell debris and the agarose, the medium was changed every 30 min during the first 2 h after slicing and every 60 min for the following 2 h. Therefore, most of the agarose was removed before the measurements and is not expected to cause any prestress in the slices. Afterward, medium was changed every 24 h.
Pressure-Operated Strain-Applying Bioreactor
The bioreactor used for mechanostimulation consists of two sealed rigid chambers that are separated by a pliant carrier membrane on which the test sample is fixed (Fig. 1A) . After various futile attempts to fix the lung slices to the carrier membrane by gluing or letting them adhere to various membrane materials, we decided to fix the PCLS by clamping. The recently described bioreactor (Fig. 1A) (20) was used with the following modifications. Two macrolon discs with an outer diameter of 30 mm and an aperture of 10 mm were placed between the upper and lower chamber of the bioreactor (Fig. 1, B and C) . By notches in an interval of 1.5 mm around the cut-out, leaving a space of ϳ150 m between the discs, a PCLS was fixed on a flexible supporting membrane in the bioreactor. The membrane and the PCLS were both clamped between the macrolon discs. The PCLS were stretched by applying pressure to the lower chamber of the bioreactor.
Membranes. The polydimethylsiloxane (PDMS) membranes were produced as described in detail previously (1) . In short, PDMS is an organic-based dual-component polymer composed of base resin and curing agent. By a spin-coating process inside a centrifuge, PDMS membranes were built by polymerization of a two-component elastomer. During the spin-coating process, the material disperses, resulting in a plane film that is joined to a steel ring. After the spin-coating process, the membranes were polymerized for 4 h at 60°C, resulting in an easy-to-handle membrane fixed in the carrier steel ring. The PDMS membranes had a thickness of 33-36 m with homogeneous profiles as verified by optical coherence tomography. The membranes' properties did not change during 24 h of mechanostimulation.
Pressure application. PCLS were clamped into the bioreactor, and pressure in the lower chamber of the bioreactor was measured with a custom-built pressure transducer (Scientific Instruments, Aachen, Germany). We applied static pressure using a syringe to determine the membrane excursions (needed for the strain calculations). To study viability of the lung slices during cyclic stretching (Fig. 1D) , cyclic pressure was generated by applying a constant pressure of 35 mbar to the inlet of the lower chamber with the outlet being opened and closed every 2 s. The resulting periodic stretching of lung tissue corresponds to 15/min.
Measurement of displacement. The excursion of the lung slices was observed under a microscope (Leica MZFLIII, Leica Microsystems, Wetzlar, Germany), and the excursion in z-direction (height of the dome) was determined by means of a micrometer screw. Displacement (in mm) was determined, based on the fact that the excursion of the membrane corresponds exactly with the height of the microscope when focusing on the same plane.
To show that no slippage between the membrane and the slice occurs, we manufactured a membrane containing iron particles. Using this iron particle membrane, with the help of a syringe we statically deflected PCLS by 3.5 mm and observed the movement of the particles within the membrane relative to the movement of the lung slice tissue. No displacement of the particle in relation to the tissue structures was observed (Fig. 2) . The impression of small movements of the particles in relation to the structures are in such range that they can be attributed to optical effects resulting from focusing the deflected tissue in an inclined plane.
Multiphoton microscopy. LIVE-DEAD STAINING. Multiphoton microscopy was used to assess the viability of stretched PCLS by a LIVE/ DEAD viability/cytotoxicity assay (Invitrogen, Karlsruhe, Germany). PCLS were incubated with 5 M calcein AM (acetomethyl ester of calcein, live staining) and 10 M ethidium homodimer for 30 min and then washed to remove external dye. The fluorescent dyes were excited at 800 nm with a Ti:Sa femtosecond laser (Spectraphysics, Darmstadt, Germany), and the laser beam split up into 64 individual beams (Trim Scope, LaVision Biotec, Bielefeld, Germany). The PCLS were excited and scanned, and the images were acquired using a digital camera. Emission of calcein AM (viable cells, cytoplasm stained green) was detected with an emission filter at 500/50 nm, while ethidium homodimer (dead cells, nuclei stained red) was detected at 620/60 nm. Emission of calcein AM and ethidium homodimer were recorded separately and are shown as overlay images.
CALCIUM MEASUREMENTS. To visualize later intracellular Ca 2ϩ , the slices were loaded for 2 h at 37°C with Oregon green (5 M), 0.2% pluronic acid (Pluronic-F127; 5 M) and sulfobromophthalein (100 M). For the measurements the slices were placed in the bioreactor and covered with 1 ml of incubation medium without dye. The bioreactor was placed under the microscope, and the alveoli at the center were put into focus. A 400 ϫ 500 m field in PCLS loaded with fluorescent dye (Oregon green) was excited at 800 nm. The images were acquired in the single-beam mode with a frequency of 800 Hz and an exposure time of 1.4 s. The laser beam was adjusted to 5% power, and no emission filter was used. A stack of 50 images (1 m each) were taken at the beginning at a pressure of 5 mbar; after a time period of 5 min, calcium signals were recorded again. Corresponding images were compared before (5 mbar) and after a stretch of 40 mbar.
MTT Test
Cell viability was also assessed by the 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium (MTT)-reduction assay that measures mitochondrial function and serves as an assay for viability (13) . After transferring the PCLS to 24-well plates, they were incubated for 15 min with 0.7 mg/ml MTT (Sigma, Crailsheim, Germany). Subsequently, the supernatant was removed and the slices were lysed in 200 l i-propanol/formic acid (95/5) for 20 min. One-hundred microliters of the supernatant was transferred into 96-well microtiter plates, and the amount of reduced MTT was measured at 550 nm (GENios, Tecan, Crailsheim, Germany).
Mechanical model. The PDMS membrane and the tissue slice exhibit qualitatively comparable nonlinear material characteristics- . B and C: schematic view of a clamping adapter device. The inner cogging was specifically designed to fixate very soft tissues, i.e., the lung slices. C shows a magnification of the fixation clamp circled in B. D: for cyclic stretch, a constant flow of compressed air was led to the lower chamber of the bioreactor, and the pressure was cycled with 15/min by means of a magnetic valve and measured with a pressure transducer. For static inflation, the bioreactor was inflated using a syringe. In C and D the red color identifies the lung slices, and the gray color the polydimethylsiloxane (PDMS) membrane.
although individual quantitative tangential stiffnesses are very different-and can both be treated as isotropic, homogeneous continua. For the following, we assumed an ideal clamping of the membrane-tissue construct in the bioreactor. Hence, membrane and tissue do not move relatively to each other for the pressure loadings considered here irrespective of their corresponding surface properties. Thus slipping is supposed to be unlikely even if the surfaces were perfectly smooth. This assumption is supported by Fig. 2 . Consequently, the resulting strain distribution is continuous across the membrane-tissue boundary. Since we are interested in the strains only, and not in the corresponding discontinuous stresses, we modeled both components as one single homogeneous construct.
To simulate the deformation of the membrane-tissue construct in the bioreactor, an appropriate nonlinear material model had to be chosen. In this connection, we postulated a decoupled strain-energy density function ⌿ in terms of the invariants I 1 and I3 of the right Cauchy-Green deformation tensor C ϭ F T · F (with F denoting the local deformation gradient).
For the isochoric part, the following polyconvex function ⌿ iso (7, 26) was chosen
with ␦ ϭ 1 if I1 Ͼ 3, and ␦ ϭ 0 otherwise. The involved material parameters characterize the form of the resulting stress-strain curve of the tissue as illustrated in Fig. 3 . The shear modulus-like parameter c refers to the initial slope of the curve, whereas k 1 Ն 0 and k2 Ͼ 0 affect the local slope as well as the curvature of the nonlinear posterior part. The chosen volumetric function governing the transversal response of the membrane-tissue construct
follows (14) with ␤ ϭ 9 being an empirical coefficient, J ϭ det(F), and denoting a bulk modulus-like parameter.
The material parameters were determined such that the simulated dome displacement matched the one experimentally derived as well as possible (Fig. 4) , yielding c ϭ 10 kPa, ϭ 8.33 kPa, k 1 ϭ 30 kPa, and k 2 ϭ 8.5. It should be emphasized that these parameters are needed for simulating the construct's behavior only, so we do not intend to make any statement on the mechanical properties of the tissue slice alone here.
Nonlinear finite element (FE) simulations of the deformation in the bioreactor were performed with our in-house multipurpose FE code BACI. By using the experimentally determined dome displacements as input to the model, further information on the local strain state of the tissue, which cannot be measured directly, should be provided. For this purpose, the membrane-tissue construct was discretized with 13,300 linear hexahedral elements and fixed at the circumferential surface. To specify the strain state of the membrane, the spatial stretch tensor v ϭ F · R Ϫ1 (with R Ϫ1 being the inverse of the local rotation tensor) was calculated in every FE node. After the solution of the associated eigenvalue problem, the principal spatial stretches ␣ and corresponding directions n ជ␣ (with ␣ ʦ [1,2,3]) were determined.
Statistical Analysis
Data in the figures are given as means Ϯ SD. Statistical analysis was performed with JMP 6.1 (SAS Institute, Cary, NC). For analysis of the MTT measurements, data were transformed according to the Box-Cox transformation (because of heteroscedasticity) and analyzed by Tukey's HSD test.
RESULTS
The application of varying pressures to the lower chamber resulted in a linear increase in the distension of the PDMS membrane up to ϳ5 mm. If lung slices were mounted onto the PDMS membranes, at pressures above 30 mbar the excursion was reduced compared with that of membranes alone and the maximum distension at 52 mbar was ϳ4 mm (Fig. 5) .
To determine the strain distribution in the lung slices, their excursion together with that of the PDMS membranes was modeled by finite elements. Figure 4A illustrates the tip displacement of the membrane-tissue construct for varying pressures, demonstrating a good match of the experimental and the numerical simulation results. This was achieved by choosing appropriate parameters for the material model. The numerically determined deformation states of the membrane-tissue construct at pressures of 35 or 52 mbar are depicted in Fig. 4B . Results for the corresponding distributions of the principal stretches ␣ in the directions n ␣ are shown in Fig. 6 . For the following analysis of these data, the highly distorted boundary area was not considered. The stretch in the latitudinal direction was up to 33% at 35 mbar and up to 38% at 52 mbar, with maximum values at the dome. The longitudinal stretch of the lung tissue was between 22% and 36% at 35 mbar and between 27% and 44% at 52 mbar, with the maximum values occurring outside the dome region. At the dome, longitudinal stretches were around 33% at 35 mbar and 38% at 52 mbar, hence an isotropic stretch state developed as expected. In the transversal direction the membrane became thinner by 13-26% at 35 mbar and by 20 -35% at 52 mbar.
Lung slices stretched in the bioreactor were observed under a microscope (Fig. 7A) . Individual alveoli were marked (Fig. 7 , B-D) and their perimeter recorded. The alveolar perimeter increased nearly linearly over the range of pressures and membrane excursions examined (Fig. 7, E and F) . No hysteresis was observed. Based on the change in alveolar perimeter the mean stretch was 24.9 Ϯ 4.1% at 35 mbar and 35 Ϯ 8.5% at 52 mbar (Fig. 7E) . Longitudinal stretch between 10% and 25% is generally considered to be relevant for stretch-induced cell activation and ventilator-induced lung injury (15, 17) . According to the analysis above, this degree of stretch is obtained by applying 35 mbar in our model system. Therefore, we wished to examine whether application of 35 mbar is injurious to the lung tissue.
Because cyclic stretch appears to be more injurious than static stretch (23) we studied the viability of PCLS stretched for 4 h with 35 mbar at 15/min. Four hours of dynamic stretch did not alter MTT reduction compared with nonstretched controls, while there was a significant decrease in MTT reduction in detergent (Triton X-100)-treated PCLS (Fig. 8D) . Seventy micrometers below the surface of the slices, multiphoton microscopy showed a comparable amount of dead (ethidium homodimer stained) cells in control and stretched slices (Fig. 8,  A and B) ; the maximum number of dead cells is illustrated in Triton X-100-treated PCLS (Fig. 8C) . Thus lung cell viability appears to be unchanged by dynamic stretch in the range from 22% to 36%.
One example how this model may be used to study the biological consequences of lung stretch under well-defined conditions is shown in Fig. 9 . Stretch of PCLS in the bioreactor by application of 40 mbar for 5 min caused an increase in intracellular calcium levels in alveolar epithelial cells. Please note that the calcium measurement following the stretch was made in the same plane as the first measurement, i.e., both measurements were made at 5 mbar.
DISCUSSION
We describe a new experimental in vitro model for studying mechanostimulation of lung tissue with an intact microanatomy under cell culture conditions. We have shown that PDMS is a suitable material to support PCLS. In the bioreactor, lung tissue can be stretched cyclically by ϳ30% longitudinally and latitudinally for at least 4 h without causing cell death as shown by the absence of propidium iodide staining in the stretched slices. Future studies remain to be done to extend this time span to up to 3 days, the time that PCLS can survive without cell death or loss of biological function (11, 27) and to apply this method to the study of human lung slices (19, 27) . The model will be useful to establish a quantitative relationship between mechanical forces and cellular responses such as calcium signaling in the lung.
The Model
To study PCLS in the bioreactor, several modifications of the bioreactor were necessary. The dimensions of rat lungs permit a maximum PCLS diameter of 14 mm only, which mandated downsizing the inserts from the 30 mm that were used in the original version of the bioreactor (20) . To support the tissue in the bioreactor, we used 30-m-thick PDMS membranes, which are about a factor of 3-6 more pliant than the polyurethane or latex membranes employed originally (1, 20) . The slope of the pressure/distension curve of the mem- brane alone differed from that of the membrane/tissue construct (Fig. 5 ), suggesting that above 30 mbar the distension of the construct was affected by the tissue mechanics.
Others have used the Flexercell system to stretch cells in culture (3) , where silicone membranes with a thickness of 250 M are used. In contrast to the Flexercell set-up, there is no frictional energy dissipation inside the bioreactor (depending on the viscous properties of the membrane). This allows a precise control of the deflection amplitude and thus of the strain that is applied to the tissue or the cells under investigation. In addition, in its present form the Flexercell system does not allow to mount living slices.
PCLS as an in vitro model have several advantages. First, the slices can be viewed under the microscope, which allows studying of alveolar regions during the stretching process. In combination with multiphoton microscopy this allows one to image the stretched lung tissue in three dimensions and to follow critical signaling responses such as calcium fluxes (Fig. 9) , which are known to be induced by ventilatory lung stretch (9a). Second, up to 50 slices of well-defined thickness can be prepared from one rat lung. Third, PCLS are viable for at least 3 days (11, 27) , which will permit one to study the long-term effects of different ventilation strategies on lung tissue. Fourth, PCLS provide a relatively intact microanatomy consisting of different lung cell types and extracellular matrix that is lost in cell culture models consisting of only one cell type. Fifth, PCLS can also be prepared from human tissue (9, 19, 27) , which will offer the unique opportunity to study the response of human tissue to various degrees of stretch.
Stretch
Material properties applied in the FE model were selected to fit the directly measured displacements (Fig. 4) . The FE simulation then allowed quantification of the associated strain distribution in the lung slices (Fig. 6 ). In the longitudinal direction, the stretch distribution seems to be remarkably homogeneous. Latitudinal stretches of the membrane-tissue construct were continuously increasing from the periphery toward the center (ϳ35%). The FE simulation results compare relatively well to the increase in perimeter of single alveoli close to the center that were determined by direct measurement under the microscope. Here at 35 mbar, the combination of longitudinal and latitudinal stretch was 24.9 Ϯ 4.1%, a degree of stretch that is generally considered to be relevant for possible side effects caused by mechanical ventilation (15, 17) . It was important to show that this degree of even cyclic stretch did not injure the tissue (Fig. 8) , because we have made the argument that biotrauma processes depend at least in part on . Calcium increase in alveolar cells subjected to stretch. Lung slices were loaded with Oregon green (5 M) and mounted in the bioreactor. Intracellular calcium was measured by 2-photon microscopy at baseline (5 mbar) (A) and after 40 mbar had been applied for 5 min (B). All images were taken in the same plane. C: the relative intensity of the frame was measured and expressed as the change in intensity. Data are means Ϯ SD from 3 experiments. Scale bars represent 100 m. *P Ͻ 0.05 before stretch vs. after stretch. mechanotransduction processes in viable cells (24) . It should be noted though that the baseline stretch of the slice mounted on the membrane to which the stretch is normalized is not exactly defined; however, once the agarose has been washed out the only forces in the slices that are keeping the alveoli open are the tethering forces of the tissue. Therefore, it seems reasonable to assume that the unstretched lung slices correspond to a deflated lung, although the degree of deflation is not known.
Recently, Perlman and Bhattacharya (17) demonstrated that the perimeter of superficial alveoli 20 m below the rat lung surface increased by ϳ14% if the lung volume was increased from 50% total lung capacity (TLC) at 5 mbar up to 85% TLC at 20 mbar (17) . Thus, in terms of perimeter increase, the compliance in two dimensions was 14%/15 mbar ϭ 0.93%/ mbar. Calculation of the slope in Fig. 7E yields 0 .69%/mbar. This may suggest that the mechanical lung properties in both settings are comparable, although there are several caveats. First, the mechanics of tissue distension in two and three dimensions are different. Second, it is not clear which level of lung volume is represented by the mounted slices at baseline (0 mbar). However, as long as the relation between alveolar pressure and perimeter is linear (as it was in our study and in Ref. 17) , the slope should be independent of any particular lung volume. And third, our model lacks surface tension, although this would not alter the strain state but only the inner stress state of the tissue. Taken together, it remains to be determined whether the comparable slope of the pressure/perimeter relationship in the slices and in the intact organ is a coincidence or reveals a typical behavior of lung tissue.
In the past, calculations of the strain that is generated during distension of lung tissue have been based either on the analysis of fixated lung tissue specimen (22) , of superficial lung regions (17) , or of cells in culture (2, 5) . All these methods have their specific advantages and shortcomings. Tissue fixation is prone to fixation artefacts and provides images of dead tissue only. The analysis of superficial alveolar regions offers problems with identifying the factual imaging plane and can only analyze the special case of subpleural alveoli; if the pressure/perimeter relationship discussed in the preceding paragraph were no coincidence, the present work might be an indication that the mechanical behavior of those superficial alveoli is representative for alveoli in general. And finally, lung cells in culture, although easy to stretch and study, do only partly reflect the properties of real lung tissue with its many different cell types and its extracellular matrix. Compared with the models discussed above, one advantage of the present model is that it uses viable lung tissue with a relatively intact microanatomy that is not derived from the lung surface. Thus this model complements the already available methods. A wide variety of techniques are available to study responses in PCLS, including videomicroscopy to study airway smooth muscle responses (11), ciliary beating (27) , alveolar distension (this study), calcium fluxes (Ref. 4 , Fig. 9 ), as well as gene expression and cytokine signaling (12) . Thus this model will allow one to establish a quantitative relationship between mechanical forces and cellular response in the lung.
A somewhat similar model has been described with neonatal tissue explants and has yielded important insights into understanding the processes of lung expansion at birth (10). This model was based on the ability of the neonatal tissue to grow into and adhere to a medical sponge material. However, experiments with PCLS showed that adult tissue is not capable of making contact with sponge materials in the same manner and therefore the lung tissue needed to be fixated mechanically. In addition, experiments where we glued the tissue to the membrane resulted in a nonhomogeneous extension of the tissue and may activate cells in the tissue.
In summary, we introduce a new experimental model for studying mechanical stretches in lung tissue of adult animals under well-defined conditions. This method will also be applicable to human PCLS (19, 27) . Stretching of PCLS represents a link between in vivo and cell culture models designed to examine the biomechanical consequences of lung stretch. The new model will be useful to further investigate pulmonary sequelae of overdistension of lung tissue as may occur during mechanical ventilation.
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